Abstract-The traditional coplanar electromagnetic bandgap (EBG) structure is analyzed. The method is studied to lower the center frequency and broaden the bandwidth in this paper. A novel structure of U-bridged EBG power plane is proposed. The simulation and test results show that the bandwidth of the new structure is 4.32 GHz, and the lower side cutoff frequency is at 380 MHz with the stopband depth at −40 dB. The elimination of simultaneous switching noise (SSN) as this kind of U-bridged coplanar EBG structure is more effective below 1 GHz. In addition, the eye diagram of the structure is analyzed. The degradation of the maximum eye open and the maximum eye width on the structure is about 1.2% and 5.7%, respectively. Finally, the IR-drop and dc resistance is accurately investigated through 3-D simulations.
INTRODUCTION
The degradation of the signal integrity (SI) due to the simultaneous switching noise (SSN) has become a choke point to the designing and manufacturing of the high-speed digital circuit with increasing requirements of high clock frequency [1] [2] [3] [4] [5] [6] . In [1] , EBG (electromagnetic bandgap) surfaces suppression of the PPW noise by 53% is achieved based on time-domain reflectometry experiments, while maintaining the signal transmission quality within the required specifications for common signaling standards, using three layers structure so that increases the cost of the fabrication. In [2] , a novel method of arranging EBG unit cells on both the power/ground planes in multilayer PCBs (printed circuit board) and packages is proposed, not only as a means of sufficiently suppressing the propagation of power noise, but also as a means of minimizing the effect of EBG-patterned reference planes on a high-speed signal. However, on the assumption that noise sources and noise-sensitive devices exist only in specific areas, the proposed method is limited in its universality. Literature [3] proposes a novel stopband-enhanced electromagnetic-bandgap structure to suppress the power/ground noise on a three-layer package based on the ground surface perturbation concept. However, its three-layer package leads to increasing cost to be fabricated. Literature [4] using a complementary spiral resonator mounted on the power plane, simultaneous switching noise and ground bouncing noise can be suppressed over a very wideband under a noise suppression margin of −25 dB. However, the suppression of SSN is worse than other methods. Literature [5] proposes a new method to estimate SSN directly from the power delivery network (PDN) frequency-domain impedance in order to reduce the time-domain simulation of SSN and computational burden, which is based on the periodic characteristics of the switching current and the SSN produced by one current pulse. However, the method is fit for analysis of PDN. Literature [6] proposes a compact notched ultra-wideband (UWB) bandpass filter with improved out-of-band performance using quasi EBG structure. However, the notched band is only at −10 dB worse than other depression depth at −20 dB. Therefore, many designers begin to focus on the elimination and suppression of the SSN [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Literature [7] proposes a novel L-bridged electromagnetic bandgap (EBG) power/ground plane with super-wideband suppression of the ground bounce noise (GBN) from 600 MHz to 4.6 GHz. However, the low cut-off frequency is higher than other EBG. Literature [8] presents a novel π-bridged photonic bandgap (PBG) power/ground plane with ultra-broadband suppression of the ground bounce noise (GBN) in the high-speed printed circuit boards. However, the SI is not studied in [8] . In [9] , a novel design of power/ground plane with planar EBG structures for SSN is presented, which is based on using meander lines to increase the effective inductance of EBG patches. However, the area of the test PCB is more than other EBG. Literature [10] proposes an embedded band selective (EBS) power plane using the hybrid-cell periodic structure, which has ultra-wideband suppression of SSN at −60 dB. However, the low cut-off frequency of the EBG is only 1 GHz. Literature [11] proposes two leafy EBG structures for UWB SSN suppression in power/ground plane pairs. However, the SI is not studied in [11] . Literature [12] presents a novel array design etching EBG structures on both the power plane and ground plane in the region of noise source and noise-sensitive devices to mitigate SSN based on the concept of localization, which obtain UWB. However, the SI is not studied, and the area of PCB is more than other EBG. Literature [13] proposes a novel UWB bandpass filter (BPF) with a notch band, in which the filter is realized by using a high-pass filter (HPF) and an array of multiband EBG cells etched on the ground of a 50 Ω microstrip line. However, the low cut-off frequency is 3.8 GHz more than other EBG. In [14] , Sierpinski space-filling curves are introduced and employed to construct the unit-cell topologies of EBG structures with different bridges, which obtain UWB. However, the SI is not studied in [14] . Literature [15] proposes a novel uniplanar compact EBG structure for UWB suppression of GBN in multilayer PCB. However, the area of the test PCB is more than other EBG. Literature [16] investigates periodic ground via lattice to suppress the propagation of parallel-plate mode between two ground planes in a multiple layer package or printed circuit board, which uses a three-layer structure, thus increases the cost of the fabrication. Literature [17] presents a novel power/ground planes design for eliminating GBN in high-speed digital circuits by using low-period PBG structure, whose low cut-off frequency is 1 GHz more than other EBG. Literature [18] proposes a power plane with wideband SSN suppression using a novel multi-via EBG structure, whose low cut-off frequency is 2.8 GHz more than other EBG. Literature [19] presents a spiral-shaped power island structure that can effectively suppress SSN when the power plane drives high-speed integrated circuits in a small area, whose low cut-off frequency is about 500 MHz more than other EBG. Literature [20] covers the concept of embedding EBG structures in conventional power distribution networks in order to increase the immunity of the circuits that feed from such networks to noise and voltage fluctuations, whose low cut-off frequency is about 2 GHz more than other EBG. Literature [21] proposes a new wideband and compact bandstop filter using one dimensional (1-D) mushroom-like EBG structures, which cannot be fabricated as easily as defected ground structure (DGS) filters. Literature [22] builds a test vehicle consisting in a 12-layer printed circuit board in standard FR4 material, whose fabrication cost is more than other EBG. Literature [23] proposes a novel wideband EBG structure for EMI reduction in multilayer PCBs, whose stopband is only 1.5 GHz. Literature [24] discusses a new isolation concept using EBG structures, whose low cut-off frequency is about 700 MHz more than other EBG. The EBG structure introduced for the suppression of SSN in recent years is a kind of periodic planar structure. The SSN is distributed in a wide range of frequency from DC (Direct Current) to the highest harmonics of the switching current of interest [18] , while the center frequency of the earlier EBG structure is not low enough, and the bandwidth is too narrow to cover the frequency range below 1 GHz where the SSN energy is dominant [7] . Therefore, the research of the EBG structure is focused on lower the center frequency and is broadened the bandwidth. The center frequency and bandwidth of the I-bridged coplanar EBG structure proposed in [1] is 2.4 GHz and 3 GHz, respectively, with the lower side cutoff frequency as 1 GHz, while the L-bridged coplanar EBG structure proposed in [7] provides 2.6 GHz center frequency, 4 GHz bandwidth and 600 MHz lower side cutoff frequency. Many researchers studied super-wideband [7] [8] [9] [10] [11] [12] [13] [14] [15] or the methods of broadening the bandwidth [16] [17] [18] [19] [20] [21] . The new fruits on EBG are applied to the design of the antennas [25] [26] [27] .
STRUCTURE DESIGN

U-Bridge EBG Structure
A novel coplanar EBG structure with a U-shaped bridge line connecting the neighboring units is designed in this paper. The unit of the proposed U-bridged coplanar EBG structure and its corresponding parameter notations are shown in Figure 1 . The parameters in Figure 1 are following: a = 30 mm, s = 13.6 mm, n = 6 mm, t = 0.2 mm, r = 1.2 mm, e = 15.1 mm, and c = 0.8 mm.
To demonstrate the effectiveness of the U-shaped connecting line, the paper proposes a two-layer PCB where the nine-unit EBG structure designed on the power plane and the ground plane is continuous. The top view of nine units of U-bridged coplanar EBG structure is shown in Figure 2 . Figure 3 is the test PCB with the same size of Figure 2 and dielectric constant of 4.4.
The dimension of the nine-unit EBG board with the EBG structure on the top plane and continuous ground on the bottom plane is 90 × 90 × 0.4 mm 3 as shown in Figure 2 . The board in Figure 3 , which has the same size and substrate as in Figure 2 is made PCB to test insert loss. The 0.4 mm thickness of FR4 substrate with dielectric constant of 4.4 is embedded between the top and bottom layers. As shown in Figure 3 , the original point (0, 0) is set on the left corner of the board, and three test ports from 1 to 3 are located at (15 mm, 15 mm), (75 mm, 75 mm) and (15 mm, 75 mm), respectively. The HFSS of Ansoft Corporation is used to simulate the S-parameters between two ports lying across several units of the EBG structure, which is sufficient to show the frequency bandgap of the structure [3, 9, 14] . The S-parameters for the same ports of I-bridged EBG structure are introduced in [1] , and the L-bridge EBG structure introduced in [7] . Moreover, the reference structures are also simulated to compare the suppression performance of SSN, in which the power and ground plane are solid. The comparison sheet of EBG parameters is shown in Table 1 . 
Literatures
Patch area (mm 2 ) Length (mm) Thick (mm) Number of patch Ref. [1] 100 * 100 10 3.08 10 * 10 Ref. [2] 180 * 180 30 0.4 3 * 3 Ref. [3] 60 * 60 20 0.125 + 0.875 3 * 3 Ref. [7] 90 * 90 30 0.4 3 * 3 Ref. [8] 90 * 90 30 0.4 3 * 3 Ref. [9] 90 * 150 30 1.54 3 * 5 Ref. [10] 90 * 90 30 0.4 3 * 3 Ref. [11] 90 * 150 30 0.4 3 * 5 Ref. [13] 20 * 50 10 1.57 2 * 5 Ref. [15] 90 * 150 30 0.8 3 * 5 Ref. [17] 90 * 90 30 0.4 3 * 3 Ref. [19] 90
Analysis and Equivalent Model
When the wavelength is longer than the size of the individual units in these periodic EBG structures, the surface impedance can be represented by an equivalent parallel resonant LC circuit [16] . The bridge connecting the adjacent units induces the inductance L, and the gap between the two neighboring units causes the fringe capacitance C [2] . Based on the resonance characteristics of the parallel LC circuit, the impedance is infinitely great, and the SSN around the resonant frequency is eliminated from spreading over the surface of EBG structure and then flows to the return path through a low-impedance channel between the EBG structure plane and the ground plane. Therefore, the frequency bandgap centered at the resonant frequency formed by the EBG structure can suppress the transmission of the SSN. The center frequency of the bandwidth for the EBG structure can be expressed as Equation (1).
and the bandwidth can be expressed as Equation (2) .
where η is the free space wave impedance. In order to lower the center frequency of the EBG structure, it is necessary to increase the inductance L of the connecting line and capacitance C induced by the gap between the adjacent units based on Equation (1). However, increasing the capacitance C leads to decrease of the bandwidth according to Equation (2) . Therefore, the proposed method to lower the center frequency and widen the bandwidth is to improve the inductance L [2, 8, 9] .
Better to represent the EBG structures presented in literatures [1, 7] , the longer connecting line and the narrower width significantly increase the effective inductance between the neighboring units. Figure 4 shows the equivalent circuit model for one unit of the U-bridged coplanar EBG structure. The propagation characteristics between the EBG patch and the continuous ground plane are represented by the inductance L e and capacitance C e ; the inductance of the connecting line and the capacitance induced by the gap are represented by inductance L u and capacitance C u . Both L e and C e are related with the size of the patch. Moreover, L e is inversely proportional to the size of the patch while C e is proportional to the size of the patch. Both L u and C u are related with the size of the gap. In addition, L u is proportional to the length of the connecting line on the gap while C u is inversely proportional to the distance of the gap. The parameters are shown as Equations (3) to (6) [28] .
where ε 0 and µ 0 are the permittivity and permeability of free space, respectively. ε r is the relative dielectric constant, S the plane area of face to face, h the thickness of the power plane medium, len the long of transmission line, w the width of transmission line, k the constant as 0.2 nH/mm, l the side length of square EBG, p the period length of EBG, and g the gap of border upon EBG. Taking parameters in above equations, L e = 30.5 nH, C e = 20.025 pF, L u = 75.86 nH. The equivalent circuit model for one unit of the U-bridged coplanar EBG structure is shown in Figure 4 . In low frequency, as C u is small enough, it is ignored. Therefore, the simplified equivalent circuit model is shown in Figure 5 .
The low cut-off frequency is shown in Equation (7) on parallel LC circuit in Figure 5 [29] .
The parallel plane resonance cavity model is used to calculate presented EBG upper cut-off frequency [20] , which is the main model frequency generated by EBG power and projection ground [30] . The resonance frequency of the rectangle resonance cavity is shown as Equation (8) .
where µ and ε are permeability and permittivity of medium, respectively; m and n are wave exponent not zero; a and b are the length and width of power plane. EBG upper cut-off frequency f H is the main model frequency. The upper cut-off frequency of the proposed U-bridge EBG is shown as Equation (9). Figure 6 shows the simulation result |S 21 | of the U-bridged EBG board, the inserted loss of the reference board with continuous power and ground planes, the I-bridged EBG board, and the L-bridge EBG board. The compared reference board possesses the same size and substrate as U-bridged EBG board in Figure 6 . The definition of bandwidth in this paper is the continuous frequency range, where the |S 21 | is maintained lower than −40 dB. It is obvious that the U-bridged EBG structure possesses a wide bandwidth of 4.32 GHz in the frequency range from 380 MHz to 4.7 GHz. The lower cut-off frequency of 380 MHz covers a large part of low frequency range below 1 GHz where the SSN energy is dominant. The 3 GHz bandwidth from 1.1 GHz to 4.1 GHz of the I-bridged EBG board for the suppression of the low frequency SSN is invalid. The comparison results of |S 21 | between the U-bridged EBG board and L-bridge EBG board presented in Figure 6 show that the U-bridged EBG structure is more efficient for elimination of the low frequency SSN than the L-bridge EBG board. Therefore, the U-bridged EBG structure is more efficient for elimination and suppression of the low frequency SSN. Figure 7 shows the simulation results for the noise excitation at port 2 and port 3 on the U-bridged EBG board, respectively. The receiving ports are all at port 1. |S 21 | and |S 31 | are almost the same in the frequency range from DC to 6 GHz. Therefore, there is no relationship between the elimination capability of the noise and the noise excitation location.
ANALYSIS OF THE SIMULATION AND TEST RESULTS
Vector network analyzer (VNA) is used to measure the insertion loss of the U-bridged EBG PCB. The test results of PCB are shown by VNA in Figure 8 and Figure 9 , respectively. The comparisons of the simulation with test show that the proposed U-bridged EBG can obtain the consistency of theory on experiment based on Figure 8 and Figure 9 .
Based on Equations (7) and (9), the low cut-off frequency f L and upper cut-off frequency f H are 218.2 MHz and 5 GHz, respectively. The results of theory are accordant to the results of simulation with HFSS in Figure 7 . It is shown that the simplified equivalent circuit model is valid.
SIGNAL INTEGRITY
The degradation of the U-bridged EBG structure power plane to the signal integrity is analyzed and simulated in Section 4. Figure 10 shows a four-layer PCB with the dimension of 90 × 90 × 1.2 mm 3 , where the first layer and fourth layer are signal planes, the second layer U-bridged EBG structure power plane, and the third layer solid ground plane. The FR4 substrate with thickness of 4 mm and dielectric constant of 4.4 is embedded between any adjacent layers. Only a signal trace of 67 mm passing from the first layer to the fourth layer and back to the first layer with two via transitions along the path [7] is considered, as shown in Figure 10 . A non-return to zero (NRZ) pseudorandom binary sequence (PRBS) 2 10 − 1 is sent at input port 1 [7] , and the eye diagram at output port 2 is simulated. The PRBS with 500 mV swing are coded at 2 GHz, and the rise or fall time is 120 ps. The maximum eye open (MEO) and maximum eye width (MEW) are used as metrics of the eye diagram quality. The eye diagram of the reference four-layer PCB with solid power plane on the second layer is shown in Figure 11(a) , where MEO = 340 mV and MEW = 350 ps.
The eye diagram of the four-layer PCB with U-bridged EBG structure power plane is shown in Figure 11(b) showing MEO = 336 mV and MEW = 330 ps. The degradation of the MEO and MEW for the U-bridged EBG board is about 1.2% and 5.7%, respectively, emphasizing that the SI of the U-bridged coplanar EBG structure is acceptable.
IR-DROP ANALYSIS
The design of EBG needs that the voltage regulators (VRM) supply the circuits by power distribution network (PDN) at lowest cost, which means the smallest dc voltage drop during the power transport. The IR-drop is to describe the dc-drop between the VRM and the port.
The dc resistance of the proposed EBG structure is larger than the integrated power and ground plane because of its bridge. In the paper, the IR-drop of the PDN for the proposed structure is analyzed by CST EM Studio [31, 32] . The tool source and sink 1 A current flow into the ports of the power and ground plane for the proposed structure, respectively. According to simulation, the dc-drop between the current ports on the power plane (dc-drop) is obtained as shown in Figure 12 . The resistance between the VRM and port can be computed according to the Ohm law. The current is 1 A, and the resistance of the whole PDN (RDC) can be expressed as Equation (10) .
As shown in Figure 12 (a), it can be calculated that the RDC1 of the proposed structure with U-bridge on the ground is equal to 61.3 mΩ, which will be tolerated by the PDN and voltage noise margin generally. While the RDC2 of the proposed structure with U-bridge on the ground is 73.4 mΩ in Figure 12(b) , and it will result in dc-drop of 73.4 mV if the current consumption is 1 A in area. Although the U-bridge on the ground improves the noise suppression, it will lead to an IR-drop. Thus, the application of the U-bridge EBG should take the current consumption and voltage noise margin into consideration. 
CONCLUSIONS
A novel structure of U-bridged EBG power plane is proposed based on the analysis of traditional coplanar EBG structure. The method uses increased length of the connecting line with U-shaped bridge between adjacent units to obtain lower center frequency and wider bandwidth. The HFSS simulation and test results show that the bandwidth of the proposed structure is 4.32 GHz, and the low side cutoff frequency is at 380 MHz with stopband depth at −40 dB. The elimination of SSN for this kind of Ubridged coplanar EBG structure is more effective below 1 GHz. In addition, the eye diagram of the structure is analyzed. The degradation of MEO and MEW for this structure is about 1.2% and 5.7%, respectively. Therefore, the SI of the structure is acceptable. The results of simulation on IR-drop of U-bridge EBG are shown.
